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ABSTRACT
In the past years, there has been an increasing interest in synthesizing Pt alloy
nanocrystals to achieve high catalytic performance for energy-related applications. Pt-Ni
nanoparticles (NPs) have shown high electrocatalytic activity for electrocatalysis and
thermal catalysis. However, the stability of surface structures and compositions still
needs to be improved to obtain better long-term catalytic stability. It is noted that thermal
annealing can adjust the surface structures and compositions to improve the stability.
Transmission electron microscopy (TEM) plays a vital role in characterizing the
morphology, structure, and composition of nanoparticles. Specifically, the utilization of
in situ TEM can allow for observing the real-time evolution of materials transformation
during dynamic processes or reactions. This thesis focuses on the synthesis of bimetallic
Pt-Ni NPs and the underlying growth and transformation mechanism through advanced
TEM characterizations including in situ TEM. Single-crystalline Pt-Ni nanoparticles in
truncated octahedral shape through solution-phase synthesis have been successfully
produced. We have studied the variations of reaction temperature, compositions of
precursors and reaction time on the NPs’ morphology and structure. With the help of in
situ TEM, the dynamic morphology evolution of Pt-Ni NPs under thermal annealing
conditions was discovered and the associated transformation mechanism was also
elucidated. This study shows implications for the design of catalytically effective
nanocrystal geometry of Pt-Ni bimetallic catalysts.
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CHAPTER ONE
INTRODUCTION AND LITERATURE REVIEW

1.1 Motivation
In the new global economy, energy has become a central issue for the socioeconomic development of the modern world. Energy production and consumption have not
only promoted technological breakthroughs but also caused unavoidable global climate
change [1, 2]. Currently, the majority of energy consumption still depends on fossil fuels,
which are non-renewable resources and will be run out quickly and produce large amounts
of pollutants, causing greenhouse, acid rain and other serious environmental problems.
Traditional energy structure and low utilization rate cannot satisfy the future sustainable
society's need for efficient, clean, economical and safe energy resources. In this regard,
people have been exploring renewable and clean energy such as solar, wind, geothermal
and ocean energy [3]. The potential availability of renewable energy is highly dependent
on the production of high-performance electrocatalysts for energy conversion and storage
applications. Platinum alloy nanoparticles (NPs) are the subject of substantial research,
with potential applications in well-established catalytic processes (e.g. automotive diesel
exhaust gas treatment [4] and industrial catalysis [5]) and emerging technology (e.g.
polymer electrolyte membrane (PEM) fuel cells [6, 7]). The catalytic properties such as
activity, stability and selectivity largely depend on the catalysts’ morphology, structure and
composition [8]. Regardless of the catalytic process, the thermal stability of catalysts has
always been a major problem for academic and industrial research. Because the
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compositions and surface structures of catalyst nanocrystals under working scenarios are
subjected to increased temperatures. There is a need to know how the NPs structure evolve
during thermal annealing process and how different metallic elements change their spatial
distributions at elevated temperatures.
Transmission electron microscopy (TEM) has achieved exceptional spatial and
energy resolutions thanks to the development of instrumentation such as the aberration
corrector and monochromator and has become one of the most widely used and powerful
characterization techniques for materials research. Especially for nanomaterials, TEM
plays a vital role in characterizing the morphology and crystal structure. However,
conventional TEM setup only allows the sample to remain stationary under vacuum, which
limits the dynamic observation. To relax this limitation, in situ TEM has been developed
to observe the real-time evolution of materials transformation during dynamic processes or
reactions. Among the various stimuli, in situ heating is a commonly used function
introduced to TEM. With different types of heating sample holders such as furnace-type
holder, spiral-shaped tungsten wire holder and microelectromechanical system (MEMS)based holder, in situ heating TEM is capable of tracking the chemical evolution of materials
at elevated temperatures up to 1300°C [9]. From the materials science viewpoint, it is
necessary to understand the development of material composition and structure as well as
the structure-property relationship from the experimental results obtained by in situ TEM.
1.2 Heterogeneous Catalysts
Catalysis helps to speed up a chemical reaction. An agent added to the chemical
reaction to promote catalysis is called a catalyst. There are two forms of catalysts,
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homogeneous catalysts and heterogeneous catalysts. Homogeneous catalyst is in the same
phase as the reactants, principally in solution. An example is soluble organometallic
compounds that act as a catalyst in hydrogenation. In contrast, heterogeneous catalysts and
substrates are in distinct phases. For instance, the catalyst may be a solid agent that speeds
up the chemical reaction comprised of reactants in a liquid or gas phase, such as the
catalytic reaction of sulfur dioxide oxidation on the Pt surface [10].
Both catalysts have their pros and cons. The active centers of homogeneous
catalysts are all metal atoms. And they have high selectivity. Reaction condition is
relatively mild, and they have low thermal stability and limited applicability. Also, product
separation is difficult. But it’s easier to understand their reaction mechanism. The active
centers of heterogeneous catalysts are only surface atoms. And they have relatively low
selectivity. Reaction condition is often severe, and they have high thermal stability and
wide applicability. Also, product separation is easy. But the reaction mechanism is still
poorly understood.
Because of the advantages of heterogeneous catalysts, it has been developed many
types of them with different dimensions and compositions. Figure 1.1 summarizes some
examples of heterogeneous catalysts with different structures. The horizontal direction of
this figure shows the types from 0D discrete materials to 3D extended structures. The
vertical direction shows the types: inorganic, hybrid, and organic materials [11].
Heterogeneous catalysts have better tunability than homogeneous catalysts. First, we want
to produce catalysts with large surface area, which will increase the reactant transmission
rate in the catalyst. Second, the well discrete active site will improve the catalytic
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properties. Third, we want to produce catalysts with diversified structure and morphology
from disordered to regular arrangements, and from non-porous to porous nature. NPs are
the most widely used heterogeneous catalysts. Their catalytic activity and selectivity
strongly depend on their size, shape, surface and composition.

Figure 1.1. Examples of heterogeneous catalysts with different structures [11].
A lot of catalytic reactions especially some large-scale industrial processes rely on
heterogeneous catalysts. Metals, metal oxides, and metal salts are all common
heterogeneous catalysts. Noble metals, such as Pt, Pd, Rh, and Ir, are superior
heterogeneous catalysts. But they are limited by high costs and low abundance. Also,
transition metals like Ni, Cu, Co and Fe have been extensively used as catalysts. Therefore,
it is suggested that catalysts including noble metal and transition metal could have excellent
catalytic properties and reduce the cost at the same time.
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Among the noble metals, Pt exhibits excellent catalytic activities in many
applications, including automotive exhaust gas treatment, petroleum refining, organic
synthesis, hydrogen production and PEM fuel cells. However, Pt storage is limited. So we
need to reduce the usage of Pt and promote catalytic activities by designing specific Ptbased nanomaterials. Compared with the bulk counterpart, Pt-based nanomaterials have a
significantly increased specific surface area and a greatly improved number of exposed
active sites. Therefore, utilization of Pt atoms is greatly increased. Many strategies have
been developed to optimize their nanostructures, and further, enhance their catalytic
properties. As shown in Figure 1.2, first, we can make incorporate another transition metal
element, like Fe, Co and Ni, to build a Pt-based alloyed, core-shell or heterogeneous
structure. These multi-component structures can not only effectively reduce the usage of
precious metal Pt and the cost of catalyst, but also bring superior catalytic features from
the synergistic effect. Second, the exposed crystal facets of Pt-based catalysts determine
the arrangement of surface atoms and the configuration of electrons, which directly affect
the adsorption of reactants during the catalytic reactions. So controlling exposed crystal
facets is also a common approach to exploring highly active catalysts. Third, the 3D
nanostructures, like hollow spheres and nanoframes, are further developed to produce
catalysts with an open structure and higher active surface areas. Lastly, support materials
with stable structure, high specific surface area, and abundant anchoring sites have been
applied to the synthesis of supported Pt nanomaterials. The metal-support interaction
between Pt and support materials is beneficial to adjust the electronic structure of Pt, further
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enhancing the catalytic performances, which is mostly used on Pt single atom catalysts
[12].

Figure 1.2. Schematic illustration of four ways of structural regulation of Pt-based
nanomaterials [12].
Heterogeneous catalysis can be broadly divided into two categories: thermal
catalysis, driven by temperature; and electrocatalysis, driven by electric potential. Oxygen
reduction reaction (ORR) is an important half-cell reaction, especially for PEM fuel cells.
The main focus of catalyst improvement has been on the ORR process. As shown in Figure
1.3, nanoscale Pt-Ni bimetallic nanoparticles have shown outstanding ORR activity. It has
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been observed a specific activity 51-fold higher than that of the Pt/C catalyst, together with
a record high mass activity [6]. PEM fuel cells can be classified into two categories by their
range of working temperatures. Low-temperature PEM fuel cells operate around 60 to 80
°C while high-temperature PEM fuel cells operate above 120 °C up to 200 °C. Chung et
al. demonstrated that ORR activities of both thermally annealed samples are enhanced.
They attributed this to the Pt–Ni ordering and the surface reorientation into the (111) facet
through thermal annealing [13].

Figure 1.3. High-angle annular dark-field scanning TEM (HAADF-STEM) image of a PtNi NP and catalytic activity comparison with Pt/C catalyst [6].
Reverse water gas shift reaction (RWGS) is the desired route for industrial
applications, most commonly in conjunction with the Fischer–Tropsch process to
synthesize hydrocarbon fuels from syngas. RWGS is a thermal catalytic conversion of
CO2 to CO which required higher temperatures than 250 °C in the presence of
metal catalysts. And the CO2 conversion efficiency of catalysts increased with temperature
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[14]. Pt–Ni bimetallic catalysts supported on mesoporous silica have also been used for
RWGS. Liu et al. proved that the bimetallic catalyst has good activity and high selectivity
than monometallic catalysts [15]. Since many factors like morphology, structure and
composition of nanoparticles change during the working environment, it is vital to uncover
the dynamic evolution under the operating conditions.
1.3 Bimetallic Nanoparticles
Nanotechnology plays an important role in many technological fields, providing us
the power of manipulating molecules even atoms and transforming them into desired
structures. NPs are solid particles with nanometer sizes having superior physicochemical
properties [16]. Metallic NPs are an increasingly important class of catalysts, which are
typically synthesized by wet chemistry methods.
Bimetallic NPs containing both noble metal and transition metal outperform single
noble metal catalysts in terms of catalytic performance. The addition of the second element,
however, introduces additional compositional and structural complications, resulting in
diverse configurations such as ordered intermetallic, alloy, core-shell, Janus and so on [17].
Pt-Ni NPs are a popular bimetallic system due to their exceptional electrocatalytic activity
on the ORR at the fuel cell cathode. In 2007, Stamenkovic and colleagues reported that the
Pt3Ni (111) surface is 10-fold more active for the ORR than the corresponding Pt (111)
surface and 90-fold more active than the state-of-the-art Pt/C catalysts. Pt-Ni
nanooctahedra enclosed by (111) facets has attracted a lot of attention as one of the most
active electrocatalysts for ORR among the various nanostructures [7]. Zhang et al. prepared
monodisperse Pt3Ni nanoctahedra and nanocubes through the co-reduction of Pt(acac)2 and
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Ni(acac)2 in a mixed organic solvent of oleic acid and oleylamine. As shown in Figure 1.4,
they examined the shape of these size-selected nanoctahedra using field-emission scanning
electron microscopy (FE-SEM). The TEM image from Figure 1.1 (d) clearly shows a
multilayer Pt3Ni pattern, further confirming the octahedral morphology. The highresolution TEM (HRTEM) image taken from a projection direction of ⟨110⟩ in Figure 1.1

(e), shows d-spacing of ∼2.23 Å which corresponds well with the (111) lattice spacing of

Pt3Ni [18]. It is generally accepted that a solution-based synthesis of NPs consists of an

initial nucleation step and a subsequent Ostwald ripening growth on the initially formed
seeds or nuclei [19]. In this study, W(CO)6 was introduced to control the nucleation rate
and morphology of NPs. The lowest total surface energy on {111} and {100} facets require
the optimal ratio of the oleylamine and oleic acid solvent pair. This general approach has
been widely applied to the synthesis of shape-controlled bimetallic NPs [6, 20-22].

Figure 1.4. Images for Pt3Ni nanoctahedra and nanocubes. (a−e) Images for Pt3Ni
nanoctahedra. (f−j) Images for Pt3Ni nanocubes. (a, f) Field-emission SEM images. (b, g)
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High-resolution SEM images. (c) 3D image of an octahedron. (d, i) TEM images. (e, j)
High-resolution TEM images of single NCs. (h) 3D image of a cube [18].
The principle of the thermal decomposition method is to heat organic metal
compounds and decompose them at relatively high temperatures to obtain metallic NPs,
which is a typical strategy for obtaining highly monodisperse nanocrystals [23]. The
nucleation and growth process mainly depends on the reduction rate of metal ions
precursors, which is closely related to the reduction potential of metal ions. It is known that
the higher the reduction potential of metal ions, the easier the metal ions are to be reduced.
As the reduction potentials of the metal ions are shown in Table 1.1, Ni2+ with relatively
low reduction potential is more difficult to be reduced than Pt2+. And the commonly used
metal precursors include acetylacetonates (M(acac)x) are selected for their ease to
decompose under moderate conditions [24].
Table 1.1. Reduction potentials of the metal ions [25].
Reduction reaction

Eo (V vs SHE)a

Au3+ + 3e– → Au

1.50

Pt2+ + 2e– → Pt

1.18

Ir3+ + 3e– → Ir

1.16

Pd2+ + 2e– → Pd

0.95

Ag+ + e– → Ag

0.80

Rh3+ + 3e– → Rh

0.76

Ru3+ + 3e– → Ru

0.45
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a

Cu2+ + 2e– → Cu

0.34

Ni2+ + 2e– → Ni

–0.25

Co2+ + 2e– → Co

–0.28

Fe2+ + 2e– → Fe

–0.44

Standard conditions: 25°C and 1 atm. SHE: standard hydrogen electrode.

1.4 Transmission Electron Microscopy Characterization
TEM was invented by Ernst Ruska and Knoll Berlin in the early 1930s, and greatly
influence modern science [24]. Figure 1.5 is a schematic diagram of an electron
microscope. It consists of an emission source located at the top of the column. The electron
gun is connected to a high voltage source, typically 100 to 300 kilovolts. And the gun will
begin to emit electrons into the vacuum. A TEM consists of several stages of lenses. The
condenser lens is responsible for primary beam formation, while the objective lens focuses
the beam that comes through the sample. The projection lens is used to expand the beam
onto the phosphor screen for direct observation [26].
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Figure 1.5. Schematic of a TEM. The beam is shown in blue; gray brackets represent lenses,
labeled with their names and the microscope function that controls them; black bars are
apertures; and the red arrow is the specimen and its (intermediate) images. The paths of
scattered electrons are drawn in orange and green [26].
TEM has been developed as a powerful tool to characterize materials by imaging,
electron diffraction, and spectroscopy. Figure 1.6 shows four standard TEM modes. Brightfield imaging means transmitted beam passing through the objective aperture. Dark-field
images are taken when diffracted beam pass through the objective aperture. When
replacing the objective aperture with selected area diffraction aperture, electron diffraction
pattern can identify crystallography and phase information. HRTEM imaging is typically

12

used to visualize materials structures at the atomic level, due to phase interference of
multiple beams.

Figure 1.6. TEM images of Au seeds using different modes. (a) Bright-field image. (b)
Dark-field image. (c) Corresponding diffraction pattern. (d) HRTEM image [27].
Scanning transmission electron microscopy (STEM) is another informative mode
in TEM characterization. In STEM, detectors are used rather than apertures. And it has
more flexibility than TEM, because, by varying camera length, the collection angle of the
detector can be changed [28]. In addition, more information can be examined using highangle annular dark-field scanning TEM (HAADF-STEM) by the combination of analytical
spectroscopy techniques such as energy-dispersive X-ray spectroscopy (EDS) and electron
energy loss spectroscopy (EELS) in order to determine the elemental identities, chemical
bonds, valence states, and electronic structures as well as their spatial distributions when
simultaneously coupled with. There has been pathbreaking development of aberration
correctors and monochromators which enabled the unprecedented spatial resolution of ~0.4
Å [29, 30] and energy resolution up to ~4.2 meV [31], providing the utmost capabilities to
resolve the structure and chemistry of materials.
EDS is a powerful technique that enables to analyze the elemental composition of
a desired sample. The major operating principle of EDS is high energy electromagnetic
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radiation to eject core electrons from an atom. Removing these electrons from the system
will leave behind a hole that a higher energy electron can fill in, and it will release energy
as it relaxes. The energy released during this relaxation process is unique to each element
on the periodic table, so it can be used to identify what elements are present, as well as
what proportion they are present in. The EDS maps in Figure 1.7 show the inhomogeneity
of Pt versus the homogeneously distributed Ni in a Pt-Ni nanoparticle [32].

Figure 1.7. EDS maps of a Pt-Ni NP [32].
EELS is the analysis of the energy distribution of electrons that have come through
the specimen. These electrons may have lost no energy or may have suffered inelastic
collisions. These energy-loss events tell us information about the electronic structure of the
specimen, which in turn reveals details of their bonding or valence state. The EELS
technique is an excellent complement to EDS, since it offers more information than
elemental identification and is well suited to the detection of light elements, which are
difficult to analyze with EDS. The EELS maps in Figure 1.8 demonstrate that the Pt–Ni
octahedron consists of a Pt-rich and Ni-poor core, and a Pt–Ni shell with uniform
distribution of Pt and Ni [20].
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Figure 1.8. HAADF-STEM image and EELS element maps of a single Pt-Ni octahedron
[20].
Despite traditional TEM characterization having played an essential role in
revealing catalysts’ static structures (crystal facets, defects, interfaces, etc.), it is
necessarily vital to uncover the dynamic evolution under the operating conditions and
realistic environments. Therefore, in situ TEM was developed to characterize energy
materials during live reactions or processes by applying one or multiple physical stimuli
[33, 34]. Real-time changes in solid, liquid and gas phases can be straightforwardly
visualized at the nano and atomic levels. Heating, gas, various liquid, bias, light and so on
can be implemented to create diverse catalytic environments with the help of well-designed
specimen holders. In situ heating TEM experiments have been conducted for many
multimetallic nanocatalyst systems. Gocyla et al. performed in situ TEM heating study of
phase segregated PtNi1.5 octahedral NPs. Figure 1.9 displays a series of HRTEM images
showing the evolution of a Pt-Ni nanoparticle with temperatures ranging from 50°C to
500°C. The pristine Ni-rich Pt-Ni nanoparticle in the concave octahedron shape gradually
changes its morphology during the heating process. Upon thermal annealing to 200°C, Pt
diffused from the edges and formed partly filled {111} facets. Further Pt diffusion resulted
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in the formation of a truncated octahedron shape. Then annealing up to 300°C formed
cuboctahedra due to the increase in {100} surface area. Further heating to 400°C led to
partly rounded facets and finally to the spherical NPs at 500°C. The catalysts with a balance
between Pt shell thickness and Ni subsurface enrichment, and an optimized ratio between
{111} and {100} facets are potential to achieve long-term stability and active catalytic
performance [35]. However, there have been a few investigations into the compositional
change inside Pt-Ni NPs, causing the mechanism by the interaction between noble and
transition metal has not been fully established.

Figure 1.9. HRTEM images of PtNi1.5 octahedral nanoparticles and the corresponding
schematics showing the Pt (red) and Ni (green) redistribution during in situ heating from
50°C to 500°C [35].
1.5 Research Objective
The main goal of this thesis is to synthesize monodisperse Pt-Ni NPs with
controlled shapes and compositions and to study their growth behavior through systematic
control of several synthetic parameters, such as reaction temperature, amount of precursors
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and reaction time. We also would like to investigate the temperature-dependent
microstructural reconstructions of Pt-Ni NPs at increasing temperatures, which could
further provide insights into designing novel heterogeneous catalysts.
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CHAPTER TWO
EXPERIMENTAL METHODS
2.1 Synthesis of Bimetallic Pt-Ni Nanoparticles
The organic chemicals used in this work include oleylamine (C18H37N, TCI
American, >50.0%), oleic acid (C18H34O2, Alfa Aesar, 90%), benzyl ether (C14H14O, Acros
Organics, 99%), hexane (C6H14, Fisher Chemical, certified) and ethanol (C2H5OH, Fisher
Chemical, reagent). The precursors are platinum(II) acetylacetonate (Pt(acac)2,
C10H14O4Pt, Acros Organics, 98%) and nickel(II) acetylacetonate (Ni(acac)2, C10H14NiO4,
Thermo Scientific, 96%). The surfactant is tungsten hexacarbonyl (W(CO)6, Acros
Organics, 99%).
We proposed a series of experiments to study the structural evolution during
variations of several synthetic parameters, such as reaction temperature, reaction time and
composition, on the synthesis of Pt-Ni bimetallic NPs. These experiments are designed
with specific synthetic variables described in the following sections.
2.1.1 Variation of Reaction Temperature
In a typical synthesis, 7 mL benzyl ether, 2 mL oleylamine, and 1 mL oleic acid
were added in a 100 mL three-neck flask, which was placed inside a heating mantle. The
temperature was monitored by a thermometer from the solution within the flask. The
solution was heated to certain temperatures (140, 160, 180, 200 and 230 °C) under Ar
protection with magnetic stirring. Then 20 mg Pt(acac)2, 10 mg Ni(acac)2 and 60 mg
W(CO)6 were added into the solution, and Ar purging was stopped. Then the mixture was
kept at this certain temperature for 35 min. The reaction mixture was allowed to cool down
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to room temperature naturally, then the product was centrifuged and washed with ethanol
and hexane several times, followed by vacuum drying at 70°C for 12 h. The resulting PtNi NPs were dispersed in hexane for further characterization.
2.1.2 Variation of Composition
We plan to control the bimetallic compositions by changing the quantity of
precursors during synthesis. As shown in Figure 2.1, different amounts of Ni(acac)2 were
added in 7 mL benzyl ether, 2 mL oleylamine, and 1 mL oleic acid in a 100 mL three-neck
flask inside a heating mantle. The solution was heated to 200°C under Ar protection with
magnetic stirring. Then Pt(acac)2 and 60 mg W(CO)6 were added quickly, and Ar purging
was stopped. The mixture was kept at 200°C for 35 min then cooled down to room
temperature naturally. The washing and drying procedures were the same as those used for
the effects of reaction temperature. The amount of metal precursors is changed to study PtNi NPs with different compositions. Specific synthetic parameters are shown in Table 2.1.

Figure 2.1. Scheme of the preparation of Pt-Ni NPs.
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Table 2.1. Experimental parameters for the variation of composition.
No. Pt(acac)2

Ni(acac)2

Pt/Ni

Reaction temperature Reaction time

(mg)

(mg)

(at%)

(°C)

(min)

1

20

10

1.3

200

35

2

24.64

5.36

3

200

35

3

10.14

19.86

0.33

200

35

2.1.3 Variation of Reaction Time
We also plan to study the growth of Pi-Ni NPs as a function of time. For this
purpose, 20 mg Ni(acac)2 were added in 7 mL benzyl ether, 2 mL oleylamine, and 1 mL
oleic acid in a 100 mL three-neck flask inside a heating mantle. The solution was heated to
200°C under Ar protection with magnetic stirring. Then 10 mg Pt(acac)2 and 60 mg
W(CO)6 were added quickly, and Ar purging was stopped. Then the mixture was kept at
200°C. Pt-Ni intermediate products at a certain time (1, 5, 10, 20, 30, 40, 60, 90, 120, 150,
180 min) were taken and then cooled down to room temperature naturally. The washing
and drying procedures were the same as those used for the effects of reaction temperature.
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2.2 Characterization of Bimetallic Pt-Ni Nanoparticles
2.2.1 X-ray Diffraction
We use X-ray diffraction (XRD) to confirm the phase of as-synthesized NPs. XRD
patterns were obtained by a Rigaku Ultima IV powder X-ray diffractometer equipped with
a Cu Kα radiation source from 20° to 90° at a rate of 0.02°/s. The as-synthesized samples
were placed on a glass plate and then put inside the diffractometer.
2.2.2 Transmission Electron Microscopy
In a typical TEM sample preparation, several droplets of the NPs hexane solution
were dropped onto a 3 mm diameter, 300 mesh Cu TEM grid with pure carbon film. When
hexane was completely evaporated, the TEM grid was loaded onto a TEM holder. TEM
and HRTEM images were taken using a Hitachi H9500 microscope operated at 300 kV.
HAADF-STEM and EDS analyses were performed using a Hitachi SU9000
microscope with an acceleration voltage of 30 kV.
2.2.3 In Situ Transmission Electron Microscopy
For in situ TEM experiments, Hitachi Blaze heating holder was applied. The NPs
were dispersed onto a MEMS chip equipped with a 30 nm thick SiNx film consisting of 19
sample wells in 5 arrays sandwiching a heating element, as shown in Figure 2.2, providing
electron transparency and exceptional chemical, thermal and mechanical stability. For the
continuous heating experiment, the following heating profile was used: 30-300°C (direct
set); 300-500°C (0.5°C/s); 500-800°C (1°C/s). The TEM images were recorded by taking
screenshot videos with Camtasia software during the course of the experiment.
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Figure 2.2. Experimental setup for in situ heating TEM. (a) Image of a MEMS chip on
Hitachi Blaze heating holder. (b) Low-magnification TEM image of the MEMS chip.
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CHAPTER THREE
RESULTS AND DISCUSSION
3.1 Characterization of As-Synthesized Pt-Ni NPs
We successfully synthesized single-crystalline Pt-Ni NPs in truncated octahedral
shape with {111} terminating facets using the synthesis methods described in 2.1. To
confirm the crystal structure of the as-synthesized Pt-Ni NPs, we did HRTEM observation
and XRD experiment. As shown in Figure 3.1 (a), HRTEM image with Fast Fourier
transform (FFT) clearly shows truncated octahedral shape of NPs and visible crystal lattice
fringes throughout the particle, revealing the highly crystalline features of the Pt-Ni NPs.
D-spacings of the adjacent fringes for Pt nanocrystals were 0.225 nm, which is consistent
with the (111) crystalline plane of a face-centered cubic (fcc) Pt lattice. Also, 0.196 nm dspacing was assigned to the (002) crystalline plane of the Pt lattice. Meanwhile, in Figure
3.3 (b), the XRD pattern of Pt-Ni NPs shows diffraction peaks at 2θ of 41.3°, 48.0°, 70.0°
and 84.7°, which are located between characteristic peaks of the (111), (200), (220) and
(311) facets of Pt and Ni face-centered-cubic (fcc) structure, respectively. It is worth noting
that higher 2θ angles of the peaks, higher Ni composition in bimetallic NPs.
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Figure 3.1. HRTEM and XRD characterization of as-synthesized Pt-Ni NPs. (a) HRTEM
image with FFT and atomic model of an individual Pt-Ni NP. (b) XRD pattern of assynthesized Pt-Ni NPs [36].
3.2 Growth Behavior of Pt-Ni NPs
3.2.1 Variation of Reaction Temperature
First, we investigated the variation of reaction temperature on the Pt-Ni NPs’
morphology. During the synthesis, the amount of metal precursors was the same, and
reaction time was controlled to be 35 min for all syntheses. Figure 3.2 shows TEM images
of Pt-Ni NPs synthesized at different reaction temperatures: 140, 160, 180, 200 and 230 °C.
At 140 °C, NPs had formed and most of them had a spherical shape. Although we did not
conduct an elemental study on each sample, Chang et al. found that no Ni component
existed at 140 °C, which is confirmed by STEM-EELS line scan [20]. This indicates that
Pt(acac)2 was reduced first to form pure Pt seeds, which is in accordance with the higher
reduction potential of Pt2+ described in 1.3. When the temperature was further increased to
160 °C, most sphere-like NPs transformed into octahedral shapes with good dispersion.
But there were small spheres below the octahedral NPs in a cluster. When the temperature
reached 180 °C, there existed some NPs with irregular shapes, especially the very small
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spheres. The early stage of reduction of Ni (acac)2 might cause the small seeds, which
means these small NPs did not grow completely to the octahedral shape at these relatively
low reaction temperatures. However, at 200 °C, NPs reached a relatively mature stage,
containing most nanooctahedras and a few small spheres. But when the temperature
reaches the highest temperature 230 °C, the shape uniformity and dispersion were both
worse than 200 °C. The morphology of NPs was irregular, rather than the octahedral shape
of other samples. Also, the agglomeration was severer than others.

Figure 3.2. TEM images of Pt-Ni NPs synthesized at different temperatures: (a) 140 °C;
(b) 160 °C; (c) 180 °C; (d) 200 °C; (e) 230 °C.
3.2.3 Variation of Composition
Based on the above results, we chose 200 °C as the optimal synthesis temperature
to study the variation of composition in the synthesis of Pt-Ni NPs. As the reduction
potentials of the metal ions are shown in Table 1.1, Ni2+ with relatively low reduction
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potential is more difficult to be reduced than Pt2+. Therefore, Ni precursors were added first
to start the reduction reaction, followed by Pt precursors and surfactants injected at 200 °C.
Here, we synthesized three samples with different Pt/Ni atomic ratios and experimental
parameters, and the results are summarized in Table 3.1. To reveal the element distribution
in the NPs, we conducted EDS experiments associated with STEM imaging. Figure 3.3
shows HAADF-STEM image, corresponding EDS composition maps and spectrum of PtNi NPs with precursors compositions of Pt : Ni (at%) = 1.3 :1. From the EDS composition
maps, Pt and Ni were distributed homogeneously around the NP without obvious phase
separation, demonstrating a solid solution structure. And the measured elemental
composition atomic ratio Pt/Ni from the EDS spectrum is 1.38, which is in agreement with
the designed compositions.
Table 3.1. Experimental parameters and results for studying the variation of composition.
No. Pt(acac)2

Ni(acac)2

Pt/Ni

Calculated Pt/Ni (at%) from EDS

(mg)

(mg)

(at%)

spectrum

1

20

10

1.3

1.38

2

24.64

5.36

3

3.48

3

10.14

19.86

0.33

0.59

26

Figure 3.3. Elemental mapping of Pt-Ni NPs synthesized with precursors compositions of
Pt : Ni (at%) = 1.3 : 1: (a) HAADF-STEM image; corresponding EDS composition maps
of (b) Pt, (c) Ni and (d) mixed map; (e) EDS spectrum.
We also added more amount of Pt precursors to produce Pt-rich Pt3Ni NPs. As
shown in Figure 3.4, the two elements were distributed evenly on the NPs, corresponding
to a solid-solution structure. From the EDS spectrum, we could calculate the two elements'
atomic ratio Pt/Ni, which is equal to 3.48. The calculated ratio is slightly larger than the
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designed precursors' ratio, which might be due to the excessive amount of Pt precursors
was left in the sample. And pure Pt NPs were not observed.

Figure 3.4. Elemental mapping of Pt-Ni NPs synthesized with precursors compositions of
Pt : Ni (at%) = 3 : 1: (a) HAADF-STEM image; corresponding EDS composition maps of
(b) mixed map, (c) Pt and (d) Ni; (e) EDS spectrum.
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Cost is a major concern for Pt alloy catalysts. To reduce the cost, we designed the
third sample with the amount of Ni three times than the amount of Pt. However, the NPs
from Figure 3.5 have a non-uniform elemental distribution of Pt and Ni, and individual
NPs may have core-shell or alloy-type configurations. Because Ni precursor was put into
the solution at room temperature first, Ni seeds will be formed. When Pt precursor was
injected into the solution at the reaction temperature, some of them will be reduced and
attached to the former Ni seeds to produce a core-shell structure. And the measured
elemental composition atomic ratio Pt/Ni from EDS spectrum is 0.59, larger than the
designed composition ratio of 0.33. Due to the easier reduction of Pt2+ to Pt, all the amount
of precursors that were put into the solution would be reacted completely and cause more
Pt content in the NPs. In order to study the structural and chemical evolution of Pt-Ni NPs,
we selected this sample for further characterization.
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Figure 3.5. Elemental mapping of Pt-Ni NPs synthesized with precursors compositions of
Pt : Ni (at%) = 1 : 3: (a) HAADF-STEM image; corresponding EDS composition maps of
(b) mixed map, (c) Pt and (d) Ni; (e) EDS spectrum.
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3.2.3 Variation of Reaction Time
The importance of W(CO)6 to control the morphology of NPs has been recognized
in previous studies [6, 18]. This surfactant not only decomposes CO to control the
octahedral shape but also provides W0 to facilitate the reduction of metal precursors [20].
Here, we investigated the dynamic evolution of morphology and size during synthesis as a
function of time under the effect of W(CO)6. The number of reactants and reaction
temperature were controlled as No.3 in Table 2.1. Figure 3.6 shows the TEM images of PtNi intermediate products taken at different time. During the synthesis, Pt-Ni NPs were
produced in less than 1 min, which infers that the reaction speed is relatively fast. However,
there were plenty of very small NPs that had not grown completely in the first 20 min.
After 60 min, the NPs tended to scatter around rather than forming a large cluster with
hundreds of them. And the morphology kept similar from 40 min to 180 min, which means
that the reaction reached an equilibrium state at this stage.

31

Figure 3.6. TEM images of Pt-Ni intermediate products taken at different time: (a) 1 min;
(b) 5 min; (c) 10 min; (d) 20 min; (e) 40 min; (f) 60 min; (g) 90 min; (h) 120 min; (i) 150
min; (j) 180 min.
In order to analyze the growth and ripening mechanisms of Pt-Ni NPs, we carried
out a quantitative size distribution analysis at different time intervals. Each NP in TEM
images was separated and measured via ImageJ software and the results are shown in
Figure 3.7. As time goes by, the average NP size gradually changed from 6.04±0.75 nm at
1 min to 6.22±0.63 nm at 5 min to 6.67±0.76 nm at 10 min to 6.31±0.76 nm at 20 min to
6.56±0.73 nm at 40 min to 6.61±0.57 nm at 60 min to 6.76±0.97 nm at 90 min to 6.46±0.74
nm at 120 min to 6.31±1.01 nm at 150 min to 6.45±0.88 nm at 180 min. The average NP
size did not have a large difference between 1 to 180 min. All of them were from 6 to 7
nm, demonstrating a relatively stable trend of the reaction. And the measured sizes were
dependent on the selection of sample areas. However, we can clearly notice an obvious
increasing trend in the first 10 min from Figure 3.8 (b), which shows an enlarged view
from 0 to 10 min. Figure 3.8 (a) plots the size of Pt-Ni NPs as a function of time. Based on
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this result, we proposed a possible ripening mechanism: NPs grow larger during the first
10 min and gradually reach equilibrium at 40 min to 60 min. Prolonged reaction time does
not cause obvious morphology or size differences.
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Figure 3.7. The statistical analysis of size distribution for the synthesized Pt-Ni NPs during
various reaction time.
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Figure 3.8. Size distribution of Pt-Ni NPs as a function of reaction time: (a) overall size
change from 0 to 180 min; (b) enlarged view from 0 to 10 min. The data is obtained from
Figure 3.7. Error bars represent standard deviations of the mean particle sizes.
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3.3 Temperature-Dependent Annealing Behavior of Pt-Ni NPs
It is still poorly understood how the structure of Pt-Ni NPs would evolve with
respect to the change in temperature. Here, we performed in situ heating experiments on
Pt-Ni NPs at different temperatures to study their structural evolution under thermal
annealing. Figure 3.9 (a) shows a series of time-resolved TEM images of Pt-Ni NPs under
in situ heating conditions with the temperature continuously rising from 30 °C to 800 °C.
The NPs did not show any obvious change during thermal annealing below 300 °C, while
the sharp vertices of the octahedra became rounded between 400 °C and 500 °C and
completely turned into the spherical shape when heated above 600 °C. In addition, we also
noted that some neighboring particles (marked by red circles) could coalesce into one
particle at 550 °C-600 °C, which further became rounded at 700 °C-800 °C. Based on the
real-time observation, we proposed atomic models to illustrate possible evolution
mechanisms for coalescence and reconstruction, as shown in Figure 3.9 (b) and (c).
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Figure 3.9. In situ heating TEM images and proposed atomic models. (a) TEM images
showing the evolution of Pt-Ni NPs under in situ heating from 30 °C to 800 °C. Atomic
models of (b) coalescence and (c) reconstruction mechanisms, corresponding to the NPs
marked by the red and green circles. [36].
3.3.1 Rounding of Individual NPs
The most prominent feature of the observation during heating is the rounding of
individual Pt-Ni NPs. Starting from 400 °C, the octahedral shape of NPs gradually became
round by shrinking the (100) planes. If we assume that there was no mass transfer among
the NPs and the volume of each NP did not change during heating, we propose a model
that atomic layers on (100) planes would redistribute to (111) planes, as shown in Figure
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3.10. During the shape transformation process, the green truncated octahedron model
would change its shape to the yellow sphere model. It is proposed that the atoms on (100)
planes would relocate to (111) planes gradually during the dynamic shape evolution while
keeping the total volume of the NP nearly unchanged. Therefore, the distances of (100)
facets from the body center of NPs will decrease and the distances of (111) facets will
increase when increasing the temperature. According to Gibbs-Wulff theorem, the
distances normal to a crystal face are proportional to the specific surface free energy of
facets [37]. The determination of the equilibrium shape of a crystal may be explained using
the interfacial energy γ(θ), which is related to the local orientation angle θ of the interface
normal representing the material anisotropy. Wulff construction determines the
equilibrium shape through drawing a plane across each point on the polar plot
perpendicular to the line from that point to the origin. As shown in Fig. 3.11, the inner
envelope of the resulting group of lines can be geometrically compared to the equilibrium
shape by drawing a straight line OM perpendicular to the normal direction GH.
Experimental in situ TEM images with higher magnification of enough number of NPs are
necessary to testify this proposed model and understand the full transformation mechanism.
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Figure 3.10. Proposed model of the atom relocation transforming from truncated
octahedron to sphere. (a) A green truncated octahedron model represents the initial
truncated octahedron before heating. (b) A yellow sphere model represents the transformed
sphere after heating. They are merged together for a better illustration of the structure
transformation of the Pt-Ni NP viewed along the [110] axis [38].

Figure 3.11. Schematic diagram of the Wulff construction [39].
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We carried out quantitative size distribution analysis in Figure 3.12 and Figure 3.13,
the size of NPs was gradually decreased with the increase of temperature in the entire field
of view, which is attributed to the minimization of the total surface energy that requires the
faceted nanocrystals to change their shapes from octahedron to sphere. Furthermore, the
residual organic ligands and amorphous layers on the surface of NPs might burn out during
thermal annealing, which could also lead to a decrease in size.
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Figure 3.12. The statistical analysis of size distribution of Pt-Ni NPs at certain
temperatures.
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Figure 3.13. Size distribution of Pt-Ni NPs as a function of temperature. The data is
obtained from Figure 3.12. Error bars represent standard deviations of the mean particle
sizes.
3.3.2 Coalescence of Adjacent NPs
As for adjacent Pt-Ni NPs, coalescence is a major feature of their annealing
behavior. Figure 3.14 shows an enlarged view of in situ TEM images from Figure 3.9 of
the evolution of adjacent NPs. Starting from 500 °C, the two NPs moved closer and
gradually lost their morphological shape and rounded as single NP at 600 °C–800 °C.
These findings show that particle coalescence will induce the shape instability of bimetallic
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Pt-Ni NPs, most likely as a result of increased surface diffusion to reduce the significant
surface curvature [40].

Figure 3.14. Enlarged view of in situ TEM images from Figure 3.9 showing the coalescence
of adjacent NPs.
We also measured the distances between the center of mass of two adjacent NPs
and plot them as a function of time, as shown in Figure 3.15. It should be noted that heating
rate changed during the whole annealing process, which would affect the moving speed of
two adjacent NPs. From room temperature, we directly set the temperature to 300 °C,
which took 15 s to reach. Between 300 °C and 500 °C, the heating rate was set as 0.5 °C/s
in order to track the evolution of individual NP. Above 500 °C, the heating rate was
increased to 1 °C/s. From Figure 3.15, the fitted relative moving speed of two adjacent NPs
between 300 °C and 500 °C is 7.71 nm/s, demonstrating a continuous evolution speed at a
certain heating rate. In addition, the coalescence behavior suggested that there existed mass
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transfer between the neighboring NPs. But more data is still necessary to understand the
mass transfer mechanism.
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Figure 3.15. Plot of the distances between the center of mass of two adjacent NPs as a
function of time.
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CHAPTER FOUR
CONCLUSION AND FUTURE WORK
4.1 Conclusion
This thesis has investigated the synthesis and time-sequential structural evolution
of Pt-Ni NPs during thermal annealing processes. We obtained crystalline truncated
octahedral Ni-rich monodisperse Pt-Ni bimetallic NPs by the thermal decomposition
method. To understand the crystal growth behavior, various synthetic parameters were
studied, including reaction temperature, amount of precursors and reaction time. Several
characterization techniques including XRD, TEM, HAADF-STEM and EDS have been
utilized and provided plenty of information regarding the as-synthesized bimetallic NPs.
Real-time morphology and microstructure transformation have been visualized by in situ
TEM. The temperature-dependent behavior consisting of rounding and coalescence has
been elucidated. The key findings are summarized below.
1) We have found that the morphology and dispersion of NPs change with
reaction temperature. The experimental results indicate that 200 °C is the
optimized reaction temperature for controlled synthesis of monodisperse
NPs, while 230 °C will cause terrible shape uniformity and dispersion.
2) We have successfully designed three kinds of bimetallic Pt-Ni NPs with
different compositions. The EDS results suggest that Pt-rich NPs have solid
solution structure, while Ni-rich NPs have non-uniform elemental
distribution including alloy and core-shell structures.
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3) We have investigated the effect of reaction time on the morphology and size
of Pt-Ni NPs to understand the ripening mechanism. A possible ripening
mechanism was proposed that NPs grow larger during the first 10 min and
gradually reach equilibrium at 40 min to 60 min. Further reaction time does
not cause obvious morphology or size differences. And the little difference
is mostly due to the choice of measured NPs and human error.
4) We have visualized temperature-dependent structural evolution of Pt-Ni
NPs via in situ TEM. The individual NPs would transfer from octahedral
shape to spherical shape starting from 400 °C, which could be attributed to
the minimization of surface energy and atom relocation. The neighboring
NPs would coalescence into one NP from 500 °C to 800 °C, indicating a
mass transfer route during this process.
4.2 Future Work
Following the results and discussion in Chapter 3, we expect to further understand
the temperature-dependent annealing behavior of Pt-Ni NPs. The following plans for future
research are proposed below.
1) Testing the proposed model in Section 3.3.1 using in situ HRTEM
experiment to resolve the atomic structure evolution of Pt-Ni NPs at
elevated temperatures. This will help us to understand the underlying
mechanisms of atomic-level facet development and shape reconstruction of
Pi-Ni NPs.
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2) Elucidating the elemental distribution of Pt-Ni NPs change upon heating at
elevated temperatures using in situ STEM-EDS technique. This will help us
clarify the effect of thermal annealing on the intra-particle and inter-particle
redistribution of noble metal and transition metal elements, which will
guide the design and development of bimetallic NPs based catalysts.
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